Diploid males occur at low frequencies in natural populations of Hymenoptera as a consequence of the sex-determination system. Routine electrophoretic surveys will often reveal heterozygous diploid males. Maximum likelihood estimates are given for the proportion of males in the population that are diploid, when data are available from males only or from both males and females. In the simplest case, using male data only, qi = B2/2pq T2, where p and q are the gene frequencies at the marker locus, B2 is the number of heterozygous diploid males and T2 is the total number of males sampled. The variance V( 0) = Ø[1 -2pqØ -(1 -4pq)Ø2]/2pqT2. When both male and female data are available then 1, the proportion of diploids that are male, can also be estimated. This allows the approximate effective number of sex-determining alleles (assuming a single locus system) to be determined. Maximum likelihood estimates of have to be obtained numerically when data are available from multiple-allelic or multiple marker loci.
Introduction
Diploid males are expected to occur in natural populations of Hymenoptera as a consequence of the sexdetermination mechanism. Heterozygotes at one or more sex-determination loci are female while hemizygotes and homozygotes are male (Crozier, 1971) .
Although there may be many alleles (9-19; Adams et al., 1977) at these loci, some diploid males will inevitably result each generation. For instance with a single locus system, as found in Apis melilfera and Bracon hebetor, diploid males will issue from matings between parents having one sex-determining allele in common. These are termed matched matings by Adams et al. (1977) . As there are only a finite number of alleles present in a population some matched matings will always occur in each generation even with panmixis.
Diploid males themselves are often inviable (Petters & Mettus, 1980) or sterile, moreover they also impose a significant cost on the reproductive success of their parents (Page, 1980; Ross & Fletcher, 1986; Ratnieks, 1990) ; hence there may be selection for avoidance of inbreeding (Plowright & Pallett, 1979) and for multiple mating by females of social species (Page, 1980 ).
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Adams et a!. (1977) have shown that in an infinite population at equilibrium the frequency of matched matings 0 is 2/K, where K is the effective number of alleles maintained at the sex-determination locus.
Therefore, the frequency in the population of diploids that are male, 1 is (1 -s)( 0/2), because only half of the diploid progeny from matched matings are male and where s is the selection coefficient against the diploid males. It is clear that I is likely to be small, on the order of 10 per cent or less, in most natural populations. Operationally of course, male diploids are only detected by surveying males, thus the proportion of males in the population that are diploid, 0 is defined as the number of diploid males divided by the total number of males (diploid + haploid). Therefore 0 depends not only on the frequency of matched matings but also on the ratio of fertilized to unfertilized eggs, which we will refer to as the primary sex ratio (Fig. 1) .
Unless the primary sex ratio is highly female (i.e. diploid) biased 0 like D, will also take values often considerably less than 10 per cent and so it is not at all surprising that although diploid males have been recorded in a number of species of Hymenoptera, usually only a few specimens in each have been found (Crozier, 1971; Kukuk & May, 1990; Packer & Owen, 1990) . Surveys of populations using polymorphic gene loci (e.g. allozyme loci) will reveal diploid males, if they occur, even if the exact system of sex determination is not known (i.e. whether single or multiple loci are involved). Given the considerations discussed above it is clearly desirable to have efficient estimates of ci and to have expectations of the effort required to detect diploid males. In the latter context the sample size necessary obviously depends on the parametric value of 0 and the allele frequencies at the marker locus. In this paper we derive maximum likelihood estimates of the proportion of diploid males for use in situations where data are available from males only or from males and females.
Maximum likelihood estimates Fig. 1 Origin and frequency of diploid males at a marker locus with alleles F and S at frequencies p and q, respectively, in the parents of the generation under consideration. Diploid males can be viewed in two ways: either as the proportion of diploids that are male (4) ), or as the proportion of males that are diploid (0). 0 therefore depends on the ratio of fertilized to unfertilized eggs.
J(rn)
The logarithmic likelihood may be taken as:
Taking the second derivatives and inserting the expectations for A2, B2 and C2 gives:
which are the elements of the information matrix jm) The inverse of J)m) is the variance-covariance matrix, therefore the determinant is required. This can be deduced from the value of j)m) provided V(13) can be computed otherwise. This is because V() 1)/J J(m) so >>I 1)/V(j3). Now j5=(A2+B2)/T2 which is a linear function of the multinominal frequencies A2
and B2, the total number of observations being T2.
Therefore by Fisher's formula (1946) :
'p-pqØ+(2pqØ)-p2=pq(1 -Ø). 
Eqns 1 and 4 were given previously by Packer & Owen (1990) . Note also that Ross & Fletcher (1985) solved the likelihood eqn 2 iteratively to obtain estimates of 0 and its variance. Our analytical solution obviates the need for this numerical method. It may be noted in passing that substitution of (1 -a) for cu in eqn 4 gives the large-sample variance estimate of the Bernstein-
Also, eqn 3 is equivalent to V(13) =pq( 1 + a), with a = 1 -Goodness of fit cannot be tested because the fit is perfect, the number of parameters equalling the number (two) of independent classes. Given that the frequency of diploid males in most natural populations of Hymenoptera is likely to be low, we can enquire as to the sample size required to detect at least one diploid male. This sample size, which depends on 0 and the allele frequencies at the marker locus, is given in Table  1 . Efficiency of detection increases as the frequencies of the alternative alleles at the marker locus become more equal. It must be noted though, that if only one diploid male is detected then the standard error is the same order of magnitude as the estimate 0. 
The number of degrees of freedom of the observations is four, being the number of classes, namely six, less the number of prescribed totals, which is two (T1 and '2).
The number of parameters under estimation is only two, being p and 0. The maximum likelihood equa- 
where V()(m) is given by eqn 4. As only p and 0 are estimated and there are four independent classes, two degrees of freedom are left over for a chi-squared test of goodness of fit.
When 0 is small considerable simplification results if we are content with an approximate solution. The maximum likelihood eqns 5 and 6 become approxi- 
This is the same as the previous exact estimation eqn 1 for males only. It is now approximate only, holding as an approximation when 0 is small. Correspondingly, the information matrix is represented approximately by:
Frequency of matched matings
In the previous sections we have been concerned with the estimations of ci, the proportion of males in the population that are diploid. This is an important parameter and one that is natural to estimate as, by definition, diploid males are only detected when males are surveyed. However, q$ in fact represents the ratio of diploid males (produced from matched matings) to haploid males which arise independently by parthenogenesis from their mothers. Thus 0 depends on the primary sex ratio -the ratio of fertilized eggs (giving rise to females and diploid males) to unfertilized eggs (giving rise to haploid males). However, another quantity of fundamental interest to estimate is 1, the proportion of diploids that are male, because (on the assumption of a single-locus sex-determination system) this will give the frequency of matched matings in the population and hence the effective number of alleles at the sex-determination locus.
If data are available from both males and females then can be estimated. Assume that a total T diploids have been identified, then we have:
Males Observed - 
B1+B2
Although statistically this is a precise estimate in practice it must be interpreted with caution. This is because unbiased sampling of female and male diploids is assumed; it is essential that neither diploid males nor females are proportionally under-represented in the sample.
In laboratory populations of, for instance, para- (10) sitoids this is unlikely to be a problem as, in principle, all individuals can be scored. However, prudence should be used when collecting data from natural (11) populations for this purpose. Assuming confidence in the data then from 4) an estimate of the frequency of matched matings and also of the number of sex-determination alleles (for a single-locus system) can be directly obtained. Thus 2/(1-s) (14) and 1=2/ Because s, the selection coefficient against the diploid males, will in most cases remain unknown these will be minimum estimates. B1=ll C1=1 T1=38  A2=80 B2=1 C2=25 T2=106 analysis using the male data only indicates that is small. Therefore we can use the approximate solution with the combined male and female data to estimate 0.
Hence from eqns 8 and 10 j3 = 0.79 1 0.03 2 and eqns 9 and 11 gives 0.0286 0.0286.
Frequency of matched matings. Almost three times as many males as females were sampled so it is not unreasonable to think that male and female diploids are represented in the proportions in which they occur in the population. Therefore we can make a tentative estimate of c1. Using eqn 12 4=1/(11+1)=0.0833 (with variance 0.0064). The frequency of matched matings, from eqn 14 and taking s =0, 0=0.1667. The effective number of sex-determination alleles (assuming a single-locus system), I = 2/0.1667 12. It is interesting to note that this latter estimate, although approximate, is consistent with the estimates of the number of sex-determination alleles found in other species of Hymenoptera (Adams et al., 1977; Ross & Fletcher, 1985) . The log likelihood is:
L=A11n(pP)+B11n(pQ+ qP)+ C11n(qQ)
The maximum likelihood estimates j3, P and of p, P and 0 are the solutions of the simultaneous equations 6L/dp=0, 6L/dPO, dL/ÔØ=0,i.e. Letting r =1 -p -q then the log likelihood equation is:
which has partial derivatives,
An obvious estimate of 0, which is a natural extension of the two-allele case, is
where 32(32
andj3, 4 and Parethegene-countingestimatesofp, q and r. However unlike the two-allele case these are not maximum likelihood estimates as it is easy to verify that the likelihood equations are not satisfied. Nevertheless, 
Multiple locus estimates
If individuals are scored at more than one locus then additional information is available with which to estimate 0. However, maximum likelihood estimates rapidly become unwieldy when more than two loci are involved.
Consider two loci each with two alleles. Assuming Hardy-Weinberg equilibrium and linkage equilibrium, then the phenotypes, genotypes and their frequencies in males are as given in Table 2 . The log likelihood equation is, except for an additive content,
Estimates of the gene frequencies and of 0 can be obtained by setting the partial derivatives, ÔL/dp, ÔL/ Ou, OL/OØ (given in the Appendix) equal to zero and The variances of the gene counting estimates are
The covariance Cov(ji, Ct) is zero. Other variances are then obtained by inserting the final estimates into the information matrix, the elements of which are given in the Appendix.
Clearly it is hardly worthwhile deriving maximum likelihood estimates for more than two loci. Single locus estimates, with their variances, therefore should be made for each locus separately. The drawback here is that obviously at some, if not many, of the loci no hetero-zygous diploid males will occur and so information from these loci cannot be used.
An alternative approach, suggested by Kukuk & May (1990) by Kukuk & May (1990) , is erroneous and will give a considerable underestimate of the true variance.
It should be stressed that eqn 23 in its general form covers all cases and provides a good estimate of 0, or at least a good starting value.
Recommendations
Diploid males are expected to occur at low frequencies in most natural populations of Hymenoptera. Routine electrophoretic surveys will often detect heterozygous diploid males. Even if only one is found it nevertheless reveals valuable comparative information about the genetic structure of the population or species under consideration. Because data from males will be available initial estimates of allele frequencies, 0 and their variances can be made using eqns 1, 3 and 4. For most purposes this will be sufficient. However, if there is interest in investigating further, then data from females can also be used. If allele frequencies at the marker locus do not differ between males and females then exact estimates of p and 0 can be obtained by numerically iterating eqns 5 and 6 with the variance of 0 given by eqn 7. Alternatively, if 0 is small approximations are given directly by eqns 8-11. If allele frequencies do differ between males and females then numerical iteration of eqns 16-18 is required to obtain j3, P and q3.
If unbiased sampling of males and females has been carried out then the proportion of diploids that are male (1) can be estimated using eqn 12 and from this the frequency of matched matings (eqn 13) and the effective number of sex-determination alleles can be determined. Maximum likelihood estimates of 0 have to be obtained numerically for the case of multiple (3) alleles and multiple loci, however good approximations are given by eqns 20 and 23, respectively. Diploid males represent accidental male productioneggs are fertilized as if to give rise to a diploid female individual but because of homozygosity at a sex-determining locus a male is produced. Diploid male production in a social insect reproductive brood really represents an attempt at female production and diploid (23) males should be counted as investment in the female sex and not in the male. The fact that over 10 per cent of the males in a population may be diploid (Kukuk & May, 1990) suggests that substantial biases can be made in empirical sex ratio studies by the inclusion of diploid males as males rather than females.
Therefore attempts should be made to estimate the proportion of diploid males as accurately as possible. 
